Introduction
Ni-Ti alloys are typical shape-memory materials. It is suggested that the atomic-scale phase transformation between martensite and austenite crystalline phases is responsible for such function. However, these alloys often show amorphization under severe deformation especially around surface layer [1] . It is suggested that accumulation of irregular phases leads to damage or fracture in such materials. Amorphization mechanism should compete against martensitic transformation. This study focuses on the atomistic mechanism during amorphization and martensitic (crystalline) transformation in Ni-Ti alloys. Our methodology for analysis is molecular dynamics (MD) simulation. It is effectively used for obtaining atomistic view, with a careful choice of potential function for the material of interest. Therefore, after previously we have adopted an EAM potential for Ni-Ti system, a simplified version of the Modified EAM (MEAM) framework is constructed. On the ohter hand, structural change in crystalline or noncrystalline state is analyzed by using common neighbor analysis (CNA) method. Under amorphization from B2 cubic structure, the characteristic topological change of CNA cluster can be detected. By applying simple shear to MD periodic specimen, it is found that the martensite phases appear first, then amorphous phases are formed among them. Nucleation of amorphous phases strongly depends on the choice of shear plane, such as {100}, {110} or {111} planes. When shear plane and direction do not match to the orientation of slip direction and plane, amorphous phase is nucleated with relative ease. However, it is recognized that a part of this grown amorphous region means "pre-amorphous" structure which is preceding martensite. This preliminary transformation is unstable and is eliminated in relaxation process.
Theory and Methods
Amorphization behavior is investigated by molecular dynamics model using classical equations of motion, whereas, for evaluation of precise interaction, the modified EAM (MEAM) potential [2] is adopted. The basic form of atomic energy in MEAM is given by,
The detailed expressions for electronic density are the same as in the original paper of the 2nd nearest neighbor (2NN) model applying a so-called screening function [3] . In the expression, parameters are for embedding function F, electronical density ρ (superscript 0 means reference state), the number of neighbor atoms Z, and interatomic distance R. Especially, MEAM formulation for Ni-Ni and Ti-Ti bondings has been extensively researched by Lee et al. [4] and Kim et al. [5] and their parameters are available. On the other hand, Ni-Ti bonding is not general and it is derived in this study from experimental data as shown in Table 1 [6] . Here, while MEAM energy is basically built using angular-dependent function of electronic density, evaluation of force can approximately omits them and reduces down to a pairwise formulation. This diminishes complication of coding, while it keeps correct energetic of Ni-Ti crystal presented in MEAM expression. [6] The simulation box is rectangular parallelepiped which is periodic except for the direction perpendicular to shearing plane as shown in Fig.1 . The three crystallographic plane, {100}, {110}, and {111} planes, are chosen for shearing planes.The initial crystalline configuration is body-centered cubic, i.e. B2 structure where equivalent Ni and Ti atoms are contained. The specimens are applied simple shear by moving regions located at the top and the bottom with constant velocity (40 m/s). The structure is fully relaxed at relatively low temperature (80 K) in advance, then the loading simulation of these systems is conducted keeping that temperature.
It is known that amorphous structure is composed of unique atomic clusters formed around an atom, such as "icosahedron" or "pentagonal bipyramid" [7] . The common neighbor analysis (CNA) enables us to detect these "pentagonarl bipyramids", which are denoted by set of four integers, (1551) or (1541). They are distinguished from those for ordinary bcc cluster, (1441) or (1661). Thus, the amorphous region in the MD specimen is identified atom-by-atom by finding these clusters. On the other hand, martensite of Ni-Ti is defined as monoclinic crystalline unit of B19'. This is detected by comparing interatomic lengths or angles inside unit cell with those of referenced B19' structure [8] . Figure 1 shows atomic configuration in which amorphization or martensite transformation occurs by shear loading. Three results are being compared at the same value of shear strain (0.25). Only atoms detected as martensite or amorphous are shown. Slip plane common to B2 (austenite) and B19' (martensite) crystals corresponds to {110} of bcc structure. In any case, amorphous (A) region is produced among martensite (M) region. In {110} model, M region expands to all around the specimen, but then A region is grown near top and bottom, where relatively large distortion of crystal unit takes place. To the contrary, in center region, slip motion is easy and A region does not appear at all. This means that amorphization is considerably affected by slip motion but martensite transformation is not. Since the present {100} or {111} models have smaller resolved shear stress, slip motion is relatively difficult. Accordingly, A and M regions appear all around the calculation cell. It is found that some atoms are commonly detected as A and M. On the other hand, the A atoms increases after the burst of M atoms and its ratio keeps large value. Thus, it is guessed that the A atoms are induced by the M atoms. In {111} mode, in which crystalline slip is remarkably restricted, preliminary occurrence of the A atoms is observed before main increase of the M atoms. It would be called "pre-amorphous" structure [6] . During another simulation of unloading (relaxation) after 40% applied shear, these "pre-amorphous" structures become unstable and transform back to the body-centered finally. Figure 3 (left) shows the concept of atomistic mechanism in B-A transformation. One bcc cluster, detected as (1661) or (1441) in the CNA framework, changes to amorphous cluster, (1551) or (1541) . It is realized that this B-A transformation (including formation of "preamorphous") is theoretically completed by small displacement of single atom which is removed from or added to the bcc cluster. As shown in Fig.3(right) actually, a limited number of atoms in neighbor is capable of carrying out amorphization as a result of shear deformation. On the ohter hand, the detailed B-M-A transformation mechanism will be investigated in further study. 
Results

Conclusion
Atomistic mechanism of Ni-Ti alloys in amorphization and martensite transformation is investigated by molecular dynamics simulation. The framework of MEAM potential function is adopted. Amorphous and martensite atoms are obtained by shear loading. Occurrence of amorphous structure follows nucleation of martensite structure. When slip deformation is restricted, amorphization is enhanced. Amorphous phase includes unstable "pre-amorphous". It is clarified by common neighbor analysis that amorphization, including "pre-amorphous", is carried out by relatively small displacement of a few atoms.
